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a  b  s  t  r  a  c  t
ITO-based  transparent  conductive  electrodes  (TCE)  with  Ag/Ni  thin  metal  under-layer  were  deposited
on  Si  and glass  substrates  by  thermal  evaporator  and  RF magnetron  sputtering  system.  Ceramic  ITO
with  purity  of 99.99%  and In2O3:SnO2 weight  ratio  of  90:10  was  used  as  a target  at room  tempera-
ture. Post-deposition  annealing  was performed  on  the  TCE  at moderate  temperature  of  500 ◦C, 600 ◦C
and  700 ◦C  under  N2 ambient.  It  was observed  that  the  structural  properties,  optical  transmittance,eywords:
TO
g/Ni
puttering
ransparent conductive electrode
nnealing
electrical characteristics  and  surface  morphology  were  improved  signiﬁcantly  after  the post-annealing
process.  Post-annealed  ITO/Ag/Ni  at 600 ◦C shows  the best  quality  of TCE  with  ﬁgure-of-merit  (FOM)
of  1.5  × 10−2 −1 and  high  optical  transmittance  of  83%  at 470  nm  as well  as  very low  electrical  resis-
tivity of  4.3  × 10−5 -cm.  The  crystalline  quality  and  surface  morphological  plays  an  important  role  in
determining  the quality  of the  TCE  multilayer  thin ﬁlms  properties.
©  2014  Elsevier  B.V.  All  rights  reserved.. Introduction
Indium tin oxides (ITO) is preferred as a contact layer on
ptoelectronic semiconductor devices as it offers good electrical
onductivity and highly transparent to visible light [1]. This trans-
arent conducting oxides (TCO) serves as a good current spreading
ayer when connected to the external potential for application
n visible light-emitting diode (LED). Electrical current from the
xternal potential is spread uniformly by the TCO layer to the
ctive region through the p-type semiconductor layer consequently
roducing photon in term of visible light. This visible light is trans-
itted out through the transparent TCO contact layer without
osing much of its intensity and optical spectrum to the contact
ayer.
This wide band gap (∼3.7–4.5 eV) [2] and high work function
∼4.20 eV) [3] TCO can be prepared by RF magnetron sputtering
ystem due to its ability of producing high quality thin ﬁlms with
igh purity target material, almost contamination free under very
ow vacuum pressure and easy control of sputtering parameter.
owever, most of the sputtered single layer ITO thin ﬁlms were
∗ Corresponding author at: Science Department, Faculty of Science, Technology
nd Human Development, Universiti Tun Hussein Onn Malaysia, Johor, Malaysia.
el.: +60 127159907.
E-mail addresses: ahadi@uthm.edu.my, ahmadhadi9@yahoo.com (A.H. Ali).
ttp://dx.doi.org/10.1016/j.apsusc.2014.07.172
169-4332/© 2014 Elsevier B.V. All rights reserved.amorphous in nature which results in relatively higher electri-
cal resistivity of ∼10−3 -cm as compared to the crystalline ITO
of ∼10−4 -cm [4]. Therefore, metal thin ﬁlms are used as an
intermediate layer in order to improve the electrical resistivity
of the ITO. Kim reported his work on ITO/Ni/ITO multilayer ﬁlms
by RF magnetron sputtering with optical transmittance at blue
spectrum of ∼75% and electrical resistivity of 3.2 × 10−4 -cm [5].
Guillén and Herrero investigated on ITO/Ag/ITO multilayer elec-
trodes with optical transmittance at blue spectrum of ∼60–70%
and sheet resistance of 6 /sq [6]. Due to the opaque prop-
erties of the metal layer, the light transmittance through the
ITO/metal/ITO contact layer decreases as compared to the single
ITO thin ﬁlms of ∼85% [7,8]. These electrical and optical challenges
can be overcome by performing substrate heating during sputtering
or post-deposition annealing at speciﬁc heat treatment condi-
tions [9–11]. Post-deposition annealing at certain temperature can
transform the as grown amorphous ITO into polycrystalline ITO
with superior optoelectronics functionality [12]. Some researchers
observed an improvement in both the ITO thin ﬁlms and the ITO/Si
interface properties with the increasing of annealing temperature
up to 300 ◦C [13], whereas other group of researchers reported on
the improved optoelectronics properties of ITO-based transparent
conductive electrodes after post-deposition annealing at tempera-
ture of 500 ◦C and 600 ◦C [14].
In this report, we discussed on the multilayer transparent con-
ductive electrode (TCE) based on ITO with the insertion of Ni and Ag
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aig. 1. 2Theta phase analysis X-Ray diffraction spectrum of the as deposited and
ost-annealed ITO/Ag/Ni TCE multilayer.
etal thin ﬁlms to improve the electrical properties of the contact
ayer. The effect of post-deposition annealing at moderate temper-
ture of 500 ◦C, 600 ◦C and 700 ◦C were investigated based on the
CE structural, optical, electrical and morphological characteristics.
. Experimental setup
Si and glass were used as a substrate to deposit the ITO/Ag/Ni TCE
ultilayer. Glass was used in conjunction with Si in order to deter-
ine the optical transmittance of the TCE multilayer. Initially, thin
i layer was deposited on Si and glass substrates by thermal evap-
rator followed by second metal thin ﬁlms of Ag. The base vacuum
ressure of the evaporator was set at 3.4 × 10−5 mbar. Then ITO
hin ﬁlms were deposited on the Ag/Ni thin metal layer by RF mag-
etron sputtering. ITO with purity of 99.99% and In2O3:SnO2 weight
atio of 90:10 was used as a target under Ar gas ambient at room
emperature. Plasma vacuum pressure was set at 6.61 × 10−3 mbar
ith sputtering rate of ∼0.05 nm/s. The TCE multilayer thicknesses
easured by optical reﬂectometer model Filmetrics F20 are 70 nm,
 nm and 3 nm for the ITO, Ag and Ni, respectively. The samples then
ere post-annealed at moderate temperature of 500 ◦C, 600 ◦C and
00 ◦C under consistent ﬂowing of N2 gas.
The crystalline quality of the ITO/Ag/Ni TCE multilayer was
etermined by 2Theta phase analysis X-Ray diffraction (PAXRD)
ith Cu K1 ( = 1.540598 A˚) as a radiation source at working
oltage of 40 kV and ﬁlament current of 30 mA.  Optical trans-
ittance was examined by using UV–vis spectrophotometer over
he spectrum ranges of 350–800 nm.  The electrical resistivity, car-
ier concentration and mobility were investigated by means of
all Effect measurement system. Surface morphological analysis
n term of surface roughness root-mean-square, Rq and crystal-
ite sizes were determined using atomic force microscope (AFM)
perating under tapping mode and Nanoscope Analysis software,
espectively.
. Results
The structural properties of the ITO/Ag/Ni multilayer TCE
nspected by PAXRD are shown in Fig. 1. No signiﬁcant ITO peaks
or the as deposited sample shows that the sample was amor-
hous. However, after post-annealed at 500 ◦C, 600 ◦C and 700 ◦C,
 signiﬁcant peak of ITO (2 2 2) and (4 0 0) corresponding to cubic
ixbyite structure were identiﬁed at around 30.6◦ and 35.4◦. An
g (1 1 1) peak is also observed at ∼38.1◦ after undergone post-
nnealing process. Strongest ITO and Ag peaks were observed for
 sample post-annealed at 600 ◦C as compared to other samples.Fig. 2. Optical transmittance characteristics of the TCE multilayer scanned by
UV–vis spectrophotometer.
None of the spectrum indicated any characteristics peak of Ni due
to the very thin layer of Ni. After post-annealing, the ITO structures
were re-oriented and turned into crystalline from the as deposited
amorphous nature. Thermal energy from the heat treatment pro-
cess helps in improving the orientations and crystallizations of the
ITO and Ag TCE multilayer. Guillén and Herrero have also reported
the diffraction peak of ITO (2 2 2) and Ag (1 1 1) after post-annealing
process [15]. A Si (1 1 1) peak also was noted at around 28.4◦ cor-
responding to the Si (1 1 1) substrate. From Scherrer’s equation,
the calculated grain sizes of the ITO (1 1 1) is 34 nm,  33 nm and
36 nm corresponding to the post-annealed TCE of 500 ◦C, 600 ◦C
and 700 ◦C, respectively.
The optical transmittance of the ITO/Ag/Ni TCE on glass was
characterized by using UV–vis spectrophotometer along the wave-
length ranges of 350–800 nm,  as shown in Fig. 2. Post-annealed
TCE at 600 ◦C demonstrate highest transmittance as compared to
the other samples. At 470 nm,  the 600 ◦C post-annealed TCE trans-
mit  almost ∼83% of lights as compared to the 500 ◦C (∼76%) and
700 ◦C (∼74%). The optical transmittance characteristics of the post-
annealed samples were almost consistent throughout the visible
spectrum ranges. The as deposited sample shows lower transmit-
tance characteristics as compared to the post-annealed samples
with ∼61% light transmittance at 470 nm.  In addition, the opti-
cal transmittance characteristics of the as deposited TCE also do
not consistent throughout the 350–800 nm spectrum ranges. The
transmittance was gradually decreasing towards the ultraviolet
region due to the light absorption by the TCE, whereas steadily
decreasing towards the infrared wavelength region due to the light
reﬂectance from the TCE multilayer. This results in less optical efﬁ-
ciency especially for the devices that transmitting light along the
UV, visible and infrared region through the TCE multilayer. In gen-
eral, post-annealing not only improving the optical transmittance
characteristics of the TCE but the optical efﬁciency as well by consis-
tently maintains the almost same amount of optical transmittance
throughout the spectrum ranges. Moreover, the low transmittance
characteristics of the as deposited amorphous TCE is mainly due to
the disordered structure that causes light trapping and light scat-
tering as well as light reﬂectance between the glass–Ni, Ni–Ag and
Ag–ITO interfaces. In the other hand, the post-annealed TCE are
more crystalline with highly ordered structure thus have higher
and almost consistent transmittance characteristics.
Electrical properties of the TCE multilayer in term of resisti-
vity, carrier concentration and mobility are shown in Fig. 3a–c.
The resistivity of the 600 ◦C post-annealed TCE is the lowest of
4.3 × 10−5 -cm as compared to the other post-annealed TCE, as
in Fig. 3a. This resistivity is lower than as reported by Kim [5] of
ace Science 315 (2014) 387–391 389
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.2 × 10−4 -cm for ITO/Ni/ITO and Jeong [16] of 1.49 × 10−3  cm
or ITO/Ag/ITO multilayer thin ﬁlms. From the relation of  = 1/ne
here  is the resistivity, n is the carrier concentration, e is the
harge of the carriers and  is the mobility, the resistivity is lower
hen the carrier concentration and mobility is higher [17]. This
s conﬁrmed from the results obtained as in Fig. 3b and c where
he carrier concentration and mobility of the 600 ◦C post-annealed
CE is higher than the other post-annealed TCE. The measured car-
ier concentration and mobility of the 600 ◦C post-annealed sample
s 1.43 × 1022 cm−3 and 69.3 cm2/V-s, respectively. The high car-
ier mobility and low resistivity results in higher conductivity of
he TCE. Electrical current is easier to spread uniformly across the
CE multilayer into the optoelectronic devices. In the other hand,
he higher resistivity and lower carrier concentration of the 700 ◦C
ost-annealed TCE as compared to the as deposited TCE are mainly
ue to the oxidation of the Ag/Ni metal intermediate layer during
he post-annealing process.
It is important to evaluate the efﬁciency of the TCE multilayer
ased on their transmittance and electrical properties for appro-
riate application in optoelectronic devices. Figure of merit (FOM)
llow to evaluate the performance of transparent conductive elec-
rodes [18]
T10
OM, TC = RSh
here T10 is the transmittance and RSh is the sheet resistance.
OM for the as deposited, 500 ◦C, 600 ◦C and 700 ◦C at 470 nm
Fig. 3. Electrical properties in term of (a) resistivity; (b) carFig. 4. Surface roughness root-mean-square of the TCE at different post-annealed
temperature.
wavelength are 5.4 × 10−4 −1, 4.9 × 10−3 −1, 1.5 × 10−2 −1 and
9.2 × 10−4 −1, respectively. FOM of the 600 ◦C TCE is the highest
as compared to other TCE samples. Therefore, the 600 ◦C post-
annealed TCE shows the best efﬁciency and consequently helps
in improving the performance of optoelectronic devices. For com-
parison, a group of researchers have also reported the FOM for
ITO/Ni/ITO of 4.9 × 10−3 −1 [19] and ITO/Ag/ITO of 2.3 × 10−3 −1
[20].
rier concentration; (c) mobility of the TCE multilayer.
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sig. 5. 3-Dimensional AFM images of transparent conductive electrode multilayer t
f  1.0 m × 1.0 m.
Surface morphology also plays an important role in determining
he efﬁciency of the TCE especially for high optical transmit-
ance and good electrical contact purposes. Surface roughness
oot-mean-square is generally used to describe the surface charac-
eristics of the TCE layer. Fig. 4 shows the surface roughness Rq of the
CE at different post-annealing temperature. The surface roughness
q decreases as the post-annealing temperature increased to 600 ◦C
nd increases as the post-annealed temperature gets higher. The
00 ◦C post-annealed TCE shows the smoothest surface morphol-
gy with measured surface roughness Rq value of 1.4 nm,  whereas
he 700 ◦C TCE shows the roughest surface with Rq of 2.2 nm.
The surface roughness can be interrelated with the crystal-
ites properties of the TCE multilayer. The crystallites orientation
n the surface of the TCE multilayer are shown in Fig. 5a–d,
canned by AFM over an area of 1.0 m × 1.0 m. Identical sharp
eaks were observed emerging from the TCE surfaces of the as-
eposited sample. After post-annealing, the crystallite re-oriented
orming different orientations as shown in Fig. 5b–d. The crystal-
ites diffuse and interconnect with each other forming larger and
longated crystallites. These combinations results in porous-like
urfaces which in turn assist in improving the light transmittancems of the (a) as deposited (b) 500 ◦C, (c) 600 ◦C and (d) 700 ◦C scanned over an area
through the TCE layer. Measurement by Nanoscope Analysis soft-
ware revealed the average crystallites sizes for the as deposited,
500 ◦C, 600 ◦C and 700 ◦C are 25 nm,  36 nm,  35 nm and 37 nm,
respectively. This post-annealed sample trend of result is in good
agreement with the surface roughness Rq. The measured crystallite
sizes are almost similar with the calculated value from the PAXRD
results. As a comparison, Indluru also reported the measured grain
sizes by AFM in the ranges of 35–50 nm [21].
4. Conclusion
ITO/Ag/Ni transparent conductive electrode multilayer was
deposited by thermal evaporator and RF magnetron sputtering
at room temperature. Post-annealing at moderate temperature
improved the structural, optical and electrical properties of the
TCE thin ﬁlms signiﬁcantly. The highest FOM of 1.5 × 10−2 −1
was achieved for the post-annealed TCE at 600 ◦C with high opti-
cal transmittance of 83% and very low electrical resistivity of
4.3 × 10−5  cm.  Crystallization of the TCE after post-deposition
annealing assists in improving the optoelectronic properties of the
TCE layer. Moreover, surface roughness and crystallite orientations
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